Background: The plant hormone cytokinin regulates growth and development of roots and shoots in opposite ways. In shoots it is a positive growth regulator whereas it inhibits growth in roots. It may be assumed that organ-specific regulation of gene expression is involved in these differential activities, but little is known about it. To get more insight into the transcriptional events triggered by cytokinin in roots and shoots, we studied genome-wide gene expression in cytokinin-treated and cytokinin-deficient roots and shoots. Results: It was found by principal component analysis of the transcriptomic data that the immediate-early response to a cytokinin stimulus differs from the later response, and that the transcriptome of cytokinin-deficient plants is different from both the early and the late cytokinin induction response. A higher cytokinin status in the roots activated the expression of numerous genes normally expressed predominantly in the shoot, while a lower cytokinin status in the shoot reduced the expression of genes normally more active in the shoot to a more root-like level. This shift predominantly affected nuclear genes encoding plastid proteins. An organ-specific regulation was assigned to a number of genes previously known to react to a cytokinin signal, including root-specificity for the cytokinin hydroxylase gene CYP735A2 and shoot specificity for the cell cycle regulator gene CDKA;1. Numerous cytokinin-regulated genes were newly discovered or confirmed, including the meristem regulator genes SHEPHERD and CLAVATA1, auxin-related genes (IAA7, IAA13, AXR1, PIN2, PID), several genes involved in brassinosteroid (CYP710A1, CYP710A2, DIM/DWF) and flavonol (MYB12, CHS, FLS1) synthesis, various transporter genes (e.g. HKT1), numerous members of the AP2/ERF transcription factor gene family, genes involved in light signalling (PhyA, COP1, SPA1), and more than 80 ribosomal genes. However, contrasting with the fundamental difference of the growth response of roots and shoots to the hormone, the vast majority of the cytokinin-regulated transcriptome showed similar response patterns in roots and shoots. Conclusions: The shift of the root and shoot transcriptomes towards the respective other organ depending on the cytokinin status indicated that the hormone determines part of the organ-specific transcriptome pattern independent of morphological organ identity. Numerous novel cytokinin-regulated genes were discovered which had escaped earlier discovery, most probably due to unspecific sampling. These offer novel insights into the diverse activities of cytokinin, including crosstalk with other hormones and different environmental cues, identify the AP2/ERF class of transcriptions factors as particularly cytokinin sensitive, and also suggest translational control of cytokinin-induced changes.
Background
Cytokinin is a plant hormone regulating numerous developmental and physiological activities [1, 2] . Many molecular details of cytokinin metabolism and signal transduction have been discovered during recent years. It is known that cytokinin acts locally as well as over a distance, that it is synthesized and degraded in different root and shoot tissues and that its signal is transduced through a complex two-component system. In Arabidopsis thaliana, three membrane-located sensor histidine kinases -AHK2, AHK3 and CRE1/AHK4perceive the signal and transmit it through a phosphorelay via phosphotransmitter proteins (AHP) to the nucleus where B-type response regulators (ARR), a class of transcription factors, become activated and induce the transcription of numerous target genes [3] [4] [5] . It has been shown that the B-type ARRs are involved in mediating most if not all of the transcriptional responses to cytokinin [6] [7] [8] . Genome-wide analyses of the Arabidopsis transcriptome have identified many genes that show a rapid up-or downregulation of their steady-state mRNA level in response to cytokinin [6, 7, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , reviewed in [19] . Among these are numerous genes encoding transcription factors suggesting that transcriptional cascades operate downstream of cytokinin and are involved in realizing the biological output reactions. Indeed, functional studies have confirmed that beside the B-type ARRs, other factors are involved in mediating the transcriptional response to cytokinin. These include a subgroup of the ERF/AP2 transcription factor family named CYTOKININ RESPONSE FACTOR (CRF) [16] , members of the GeBP transcription factor family [20] and GATA22 [21, 22] .
An interesting feature of cytokinin is its opposite activity in regulating growth of roots and shoots. Cytokinin is a negative regulator of root growth and branching. Plants with a reduced cytokinin statusgenerated either by reduction of the endogenous cytokinin content [23] [24] [25] [26] or by disruption of cytokinin signalling [6] [7] [8] 27] show enhanced root growth. In the root apical meristem, cytokinin promotes the transition from cells to differentiation [24, 28] acting through the auxin-response factor IAA3/SHY2 [29] . In contrast, cytokinin retards cellular differentiation in the shoot apical meristem by interacting with the WUS/CLV pathway, as well as by a separate pathway [30] [31] [32] [33] . Similarly, cytokinin inhibits root branching [34, 35] , but stimulates the growth of lateral shoots [36] . Moreover, a high cytokinin:auxin ratio favours shoot induction in undifferentiated callus tissue, while a low cytokinin:auxin ratio leads to the formation of roots [37] . In addition to these developmental changes, it has been shown that cytokinin-deficiency has different consequences on the primary metabolism of root and shoot tissue [38] . Different activities of cytokinin in the two organs could be partly realized through a different transcriptional response. Shoots and roots express specific sets of genes [39] . Here we describe the results of a genome-wide expression profiling of roots and shoots of seedlings treated with cytokinin for different periods of time. In addition, we compared the root and shoot transcriptomes of wild-type plants with those of cytokinin-deficient plants overexpressing the cytokinin oxidase/dehydrogenase gene CKX1 under the control of the 35S promoter [24] . We looked for similarities and differences of cytokinin-dependent gene expression in roots and shoots to identify genes with organ-specific regulation, as well as to assign a rootor shoot-specific response to already known cytokininregulated genes. The results of this transcript profiling approach are a starting point for further research into the differential responses of roots and shoots to cytokinin.
Results and discussion
In order to search for short-term and long-term effects on the transcriptome, we treated 5-d-old wild-type seedlings with cytokinin for 15 min (named BA15), 2 h (BA120), and 18 h (BA1080) and harvested roots and shoots separately. To contrast the cytokinin induction, we analyzed root and shoot samples of cytokinindeficient 35S:CKX1 expressing seedlings of the same age (named CKX1). These seedlings contain about 38% of the cytokinin levels of wild-type seedlings in the roots and about 12% in the shoots [26] . The reference samples for the whole experiment were roots and shoots of mock-treated wild-type seedlings (BA0). mRNA preparations were obtained from two biological replicates and subjected to microarray analysis as described in Methods. The hybridization strategy used for this study yielded absolute expression values instead of the foldchanges usually obtained from two-colour microarrays. To identify cytokinin-regulated genes, we considered only those transcripts which were detected on at least 25% of the microarrays (i. e. 8 microarrays for cytokinin induction and 4 microarrays for cytokinin deficiency), because inclusion of weakly expressed genes caused a large number of false positives as determined by reexamination by qRT-PCR (data not shown). In total, 8,549 and 7,557 genes were above the cutoff on the arrays used for the analysis of gene regulation by cytokinin treatment or cytokinin-deficiency, respectively. These genes were then classified as described in Methods and Additional file 1: Figure S1 . Genes with more than 2.5-fold change of expression compared to the control samples are listed in Additional file 2: Table S1 (cytokinin induction, 1,450 genes) and Additional file 3: Table S2 (cytokinin deficiency, 1,473 genes), respectively. Selected examples of these genes are listed in Table 1 The table contains an arbitrary selection of genes showing an organ-specific change of transcript abundance in response to cytokinin treatment. A number of these genes are discussed in the text. The categorization of genes was performed as described in Methods and in Additional file 1: Figure S1 . Expression ratios in roots and shoots at different time points in relation to the control are given and coded by different font variants: bold, upregulation; italics, downregulation; regular, no regulation. CATMA ID, unique identifier for the gene specific tag (probe) on the microarray (data can be queried under www.catma.org); AbB, number of spots above background (a rough measure for expression strength); AGI, unique gene identifier assigned by TAIR; Description, edited TAIR database annotation. FDR corrected p-values ≤ 0.03, indicating whether a gene was significantly regulated by cytokinin, are marked with bold numbers. The table contains an arbitrary selection of genes showing altered transcript abundance under cytokinin deficiency. A number of these genes are discussed in the text. The categorization was performed as described in Methods and in Additional file 1: Figure S1 . Expression ratios in roots and shoots of cytokinin-deficient seedlings relative to the wild-type control are given and coded by font variants: bold, upregulation; italics, downregulation; regular, no regulation. CATMA ID, unique identifier for the gene specific tag (probe) on the microarray (data can be queried under www.catma.org); AbB, number of spots above background (a rough measure for expression strength); AGI, unique gene identifier assigned by TAIR; Description, edited TAIR database annotation. FDR corrected p-values ≤ 0.03, indicating whether a gene was significantly regulated by cytokinin, are marked with bold numbers.
(cytokinin induction) and Table 2 (cytokinin deficiency) and will be commented on further below.
Global expression analysis by principal component analysis
In order to get an insight into the global structure of the complex dataset of this microarray investigation, we performed a principal component analysis (PCA) on a reduced dataset (see Methods) using the steady-state mRNA levels determined by the application of a common reference hybridization strategy (see Methods). This type of analysis applied to the samples of a microarray experiment typically results in clusters of samples with a similar expression pattern, thereby revealing the main factors that lead to changes in gene expression. Additionally, we performed a support tree (ST) clustering, which served as a confirmation of the PCA.
Cytokinin deficiency has a large and specific influence on the transcriptome
The results of the PCA show a separation of the dataset into distinct clusters (Figure 1b-e ). As expected, the largest distance was found between root and shoot samples confirming the functionality of the PCA (Figure 1b , c, e). The samples of the cytokinin-deficient plants were separated from the wild-type samples on a different axis than the organ effect ( Figure 1bd) . Additionally, they form their own cluster in ST clustering ( Figure 1a ). The large distance of the cytokinin-deficient samples from the wild-type clusters means that cytokinin deficiency causes a global transcript change to an extent comparable to the difference between roots and shoots. Taken together, PCA analysis groups the samples into four clusterswild-type roots, wild-type shoots, cytokinindeficient roots, and cytokinin-deficient shootseach of which occupies one quadrant of the clustering space ( Figure 1b -e).
The cytokinin status influences the organ-specific transcriptome pattern
Closer examination of the distribution of the samples within the clustering space revealed that a long-term cytokinin treatment of roots and constitutively lowered cytokinin content in shoots causes distinct changes of the gene expression pattern shifting the location of the root and shoot samples in the PCA towards the respective other organ.
Firstly, the long-term cytokinin-treated root sample is located more closely to the shoot coordinates than any other root sample (Figure 1b , c, e). This change indicates that after 18 h of cytokinin treatment, a shift in gene expression towards a shoot-like pattern has started without gross visible developmental changes having occurred in the tissue. Next, we looked for affected genes and identified these based on their differential expression between untreated roots and shoots (≥ 2.5-fold), their altered expression level after 18 h of cytokinin treatment (≥ 2.5-fold), and by their p-values of the organ, cytokinin and/or interaction effects (≤ 0.03). The transcripts of 106 genes are regulated in this fashion (Figure 2 , Additional file 4: Table S3 ). Among the 59 genes that are upregulated towards a more shoot-like transcript level in long-term cytokinin-treated roots, we identified genes encoding chloroplast-localized proteins as the major overrepresented gene ontology class (70% of the regulated genes) (Additional file 5: Figure S2a , Additional file 4: Table S3a ). These include genes encoding proteins necessary for plastid proliferation, such as the plastid developmental protein DAG (AT2G33430) and the chloroplast division protein FtsZ (AT2G36250). Conversely, 47 predominantly rootexpressed genes, such as AT5G47450 encoding the tonoplast intrinsic protein TIP2;3 transporting ammonium across the tonoplast ( Table 1 , Additional file 4: Table S3b , Additional file 6: Figure S3a , b, Additional file 7: Figure S4a , b) [40] , are repressed by long-term cytokinin treatment in roots. However, no overrepresented functional GO category could be found among this group of genes. In comparison, only 30 genes acquired a more root-like expression upon cytokinin treatment of shoots ( Figure 2 ) and no shift of the respective sample towards root-like expression was observed in the PCA (Figure 1b-e ). No GO category could be found to be overrepresented among these genes.
Secondly, a similar, albeit opposite, developmental shift effect was observed in the shoot sample of cytokinindeficient plants, which is located more closely to the root coordinates than any other shoot sample ( Figure 1a -c, e). This global shift of the transcript profile to a more root-like pattern suggests that, beside the visible reduction of shoot growth, a low cytokinin status reduces the "shootyness" of the global transcription pattern. We identified genes displaying a corresponding expression pattern as described above. 246 genes show a more root-like transcript level in shoots of cytokinin-deficient seedlings (Figure 2 , Additional file 8: Table S4 ). Also in this case, the set of 169 genes that was downregulated to a more root-like transcript level contains a high fraction (52%) of chloroplast-related genes (Additional file 5: Figure S2b , Additional file 8: Table S4b ). The gene encoding the PsbR subunit of photosystem II (AT1G79040), for example, is downregulated to about one tenth of its expression level in shoots of cytokinin-deficient plants. Conversely, 77 otherwise predominantly shoot-expressed genes are stronger expressed in cytokinin-deficient roots (Figure 2 , Additional file 8: Table S4a ), such as PIN2, encoding a root-specific auxin efflux carrier discussed further below, but no functional GO category was found to be overrepresented among them. Interestingly, 63 of all regulated genes showing an enhanced transcript level in cytokinin-treated roots were also repressed in cytokinin-deficient shoots and vice versa indicating that these are particularly cytokinin-sensitive genes ( Table 3 ). 34 of the 44 genes enhanced by cytokinin in roots and repressed in cytokinin-deficient shoots encode plastid proteins with functions e.g. in the light reaction or the calvin cycle as well as several plastidal ribosomal proteins ( Table 3 ). Examples of the 19 genes repressed by cytokinin in roots and enhanced in cytokinin-deficient shoots encode the predominantly root-expressed sodium transporter HKT1 discussed further below, and the signalling protein CBL-interacting protein kinase 23 (CIPK23, AT1G30270).
The fact that cytokinin deficiency results in downregulation of chloroplast genes in green tissue, whereas excess cytokinin causes chloroplast genes expressed in the root is consistent with a primary role of cytokinin in regulating plastid development [41] . It is noteworthy that only a fraction (3.5%) of the ca. 3,000 nuclear genes encoding plastidic proteins [42] were affected by an altered cytokinin status, suggesting that cytokinin acts only on part of the genes and/or that there is a sequential order of cytokinin-regulated gene expression of which we detected only a part at the analyzed time point. Consistent with our data others found also a strong increase of genes encoding plastid proteins in cytokinin-treated root callus tissue, albeit at much later time points [10, 43] . The expression of a comparatively small number of genes was shifted towards a more shootlike profile in cytokinin-deficient roots ( Figure 2 ), and correspondingly no shift of the cytokinin-deficient root sample towards the shoot coordinates was observed in the PCA (Figure 1b-e ).
Taken together, these findings indicate that the cytokinin status apparently determines a more root-or shootlike transcriptomic pattern that is at least partially independent of morphologically discernable altered organ identity. We used the category of nuclear genes encoding plastid proteins as a diagnostic tool to assess the "shootyness" of the transcriptome but it is impossible to determine whether the transcriptomic shift in "shootyness" is cause or consequence of a shift in organ identity. However, several studies dissecting the temporal pattern of gene expression during cytokinin-induced shoot development from root calli found that shoot marker genes start to be upregulated only several days (See figure on previous page.) Figure 1 Clustering and principal component analysis of the samples used for transcript profiling. The analysis was carried out with 911 cytokinin-regulated genes that were selected as described in Methods. (a-e) Analysis using the native dataset. (f-j) Analysis using the dataset after normalization for the organ effect. (a, f) Support tree clustering for the samples. The table shows a list of genes, which have both a more shoot-like transcript level in long-term cytokinin-treated roots (Additional file 4: Table S3 ) and a more root-like transcript level in cytokinin-deficient shoots (Additional file 8: Table S4 ). Expression ratios are given for long-term cytokinin-treated roots and for cytokinin-deficient shoots in comparison to the mock-treated wild-type samples, as well as for the difference between roots and shoots. The expression ratios are coded: by different font variants: bold, up-regulation; italic, downregulation, regular, no regulation. The FDR-corrected p-values for the cytokinin effect indicate whether a gene was significantly regulated by cytokinin. The FDR-corrected p-values for the organ effect indicate whether the expression level of a gene was significantly different in roots and shoots. The FDR-corrected p-value for the interaction effect indicates whether cytokinin-dependent gene regulation was dependent on the organ. FDR-corrected p-values ≤ 0.03 were regarded as significant and marked with bold numbers.. CATMA ID, unique identifier for the gene specific tag (probe) on the microarray (data can be queried under www.catma.org); AbB, number of spots above background (a rough measure for expression strength); AGI, unique gene identifier assigned by TAIR; Description, edited TAIR database annotation. Abbreviations for the subcellular localization are: a, apoplast; c, cytosol; E, endoplasmatic reticulum; e, endomembrane system; M, mitochondrium; n, nucleus; P, plastid; p, plasma membrane; v, vacuole; w, cell wall; x, extracellular space; -, not available or unknown.
after the onset of the hormonal treatment [10, [44] [45] [46] supporting the notion that during the time period analyzed here no shoot identity was obtained by the cytokinin-treated root tissue.
Similarity of the overall transcriptional response of roots and shoots to cytokinin
The effect of cytokinin treatment at different time points was not resolved in the PCA analysis, because the large organ and genotype effects prevailed. Therefore, we removed the largest effectthe organ effectby normalizing the root and shoot samples for each experimental condition as described in Methods. As a result, support tree clustering showed distinct root-shoot-pairs at each experimental condition indicating that the overall transcriptional response to cytokinin is similar in roots and shoots ( Figure 1f ). The two early time points of cytokinin induction showed the closest relation, while the long-term treated samples separated from the other wild-type samples. PCA analysis using this dataset normalized for the organ effect resolved two temporal phases of the transcriptomic response to cytokinin. For the early time points of cytokinin induction, the separation is approximately parallel to the z-axis and for the later time points parallel to the y-axis, suggesting that the late response affects a different set of genes than the early response ( Figure 1j ). Both root and shoot samples follow a similar pattern (shown as dashed lines in Figure 1j ), indicating that the transcriptomic response to cytokinin treatment is similar in both organs. This conclusion was confirmed by an additional PCA without the cytokinin-deficient samples, where the arrangement of the wild-type samples in one plane remained stable (data not shown).
Given the fundamental differences of the growth response of roots and shoots to cytokinin, we initially hypothesized that this could be reflected by large differences at the transcriptome level. In fact, cytokinin response genes are regulated by the hormone in a context-dependent manner [47] , which is likely due to the presence of multiple cis-regulatory elements in their promoters. Indeed, the only known cytokinin response element is not present in the promoters of all cytokinin responsive genes [19] , suggesting that a variety of possibilities exist to regulate a gene by cytokinin. It might well have been possible that large specific subsets of genes are regulated by cytokinin in an organ-specific manner. However, that appears not to be the case. Therefore it is remarkable and to some extent unexpected that the global transcriptional responses in both organs appear to be rather similar. This indicates that it is not the differential bulk expression determining the rather different cytokinin-dependent growth responses in both organs. This would also imply that cytokinin signaling to the nucleus is to a large extent similar and that organ-specific features are limited to few changes, which regulate the growth response. It would be very interesting to find out how these comparably small differences can drive completely different growth responses in roots and shoots. Furthermore, because of these relatively small differences one can expect a relatively low number of genes that are regulated by cytokinin in an organ-specific manner.
It should be noted that the absolute expression level of the genes, although showing qualitatively similar cytokinin responses, can be quite different in roots and shoots (Additional file 2: Table S1 and Additional file 3: Table S2 ). For instance, the transcripts encoding the auxin transporter PIN2 or the tonoplast intrinsic protein TIP2;3 are more than hundred-fold more abundant in the root than in the shoot, while the phosphate transporter gene PHT2;1 shows a much higher expression level in the shoot (Additional file 6: Figure S3 , Additional file 7: Figure S4 ). Thus the differential response of the tissues to cytokinin may be affected by additional factors that regulate the absolute abundances of the different messages.
Chronic cytokinin deficiency and cytokinin induction affect different sets of genes
The PCA of the normalized dataset (Figure 1g-j) shows that the CKX samples separate from the wild-type samples along the x-axis while the effects of cytokinin treatment on the transcriptome are distributed over the y-and z-axes and remain within the same plane (Figure 1g -j, purple markings). This means that the transcriptomic changes resulting from chronic cytokinin deficiency are not simply the opposite of those resulting from early or late cytokinin treatment, but that another (third) set of genes is affected. Consequently, we analyzed cytokinin-deficiency separately from the dataset derived from the cytokinin-induced plants.
Regulation of cytokinin metabolism and signalling genes
To search for potential homeostatic mechanisms within the cytokinin system, we studied the influence of cytokinin treatment and cytokinin deficiency on the transcript level of cytokinin metabolism and signalling genes (Figure 3) . Unfortunately, the CATMA microarray lacks a part of these cytokinin-related genes and expression of another part was below the detection limit. Therefore, only a limited number of the relevant genes could be analyzed. A subset of these showed significant differences in organ specificity and cytokinin response of transcript abundance.
Among the cytokinin-synthesizing IPT genes, IPT5 showed a higher expression in the shoot under all conditions, while IPT7 (and less strongly also IPT9) was consistently more highly expressed in the root (Figure 3a) . IPT5 was strongly downregulated in long-term cytokinin-treated roots and upregulated in cytokinin-deficient shoots (see also Figure 3a ). In contrast, a strong upregulation in long-term cytokinintreated roots was detected for IPT9, and IPT3 was apparently neither differentially expressed nor regulated by cytokinin. The gene encoding the cytokinin hydroxylase CYP735A2 was strongly upregulated by cytokinin in a root-specific fashion (see below). Among [157] . Genes associated with functions in cytokinin metabolism or signalling are listed on the left side, and a schematic drawing of cytokinin signal transduction is shown on the right side. Colour coding of the boxes in the middle shows changes of transcript abundance between the samples indicated at the top. Blue indicates an upregulation, red a downregulation. Grey boxes denote genes, which are detected in less than two out of four arrays of the higher expressed condition. Cytokininrelated genes which were never detected or not present on the microarray are not shown. The colour codes were generated using the Mapman software and aligned to a figure using standard image processing software. : None of the Arabidopsis histidine phosphotransmitter genes is present on the CATMA V2.3 microarray. (b) Interaction plots and significance of changes of transcript abundance of selected A-type ARR genes. The interaction plots show the relative fluorescence intensity (in log scale) of the spots on the array for the gene indicated on top of each graph in the cytokinin-deficient and cytokinin-treated samples for roots and shoots separately. the cytokinin-degrading CKX genes, strong differences were found for CKX4 and CKX5, confirming previous data [48] . Both genes were expressed more strongly in the root than in the shoot and both were upregulated by cytokinin and downregulated under conditions of cytokinin deficiency, the response in the root being stronger than in the shoot (Figure 3a ). CKX4 has been consistently described as a primary target gene of Btype response regulator ARR1 [49] . In contrast to these two genes, CKX6 was expressed more strongly in the shoot and was hardly regulated by the cytokinin status in our study. Please note that the strong upregulation of CKX1 found in cytokinin-deficient roots results from detection of the transgene. Of the putative cytokinin transporter genes, PUP4 and PUP11 [50] were more strongly expressed in the root and both showed a transient upregulation in the shoot but not in the root in response to cytokinin (Figure 3a) .
The known higher expression of the cytokinin receptor gene CRE1/AHK4 in the root [51, 52] and its induction by cytokinin [53] was confirmed. The transcript level of the two B-type Arabidopsis response regulator genes (ARR1, ARR2) were more strongly expressed in the root andas expectednot regulated by cytokinin (Figure 3a) . In contrast, all known primary cytokinin response genes encoding A-type response regulators (ARR4, ARR6, ARR7, ARR9, and ARR16) detected were equally responsive to cytokinin in both roots and shoots (Figure 3a , Additional file 6: Figure S3a , Additional file 7: Figure S4a , b). Figure 3b shows the reduced expression levels of four exemplary A-type ARR genes (ARR3, ARR4, ARR6, and ARR7) in 35S:CKX1 transgenic roots and shoots as compared to the corresponding wild-type tissues and their induction pattern following cytokinin treatment in roots and shoots of the wild type (see also Additional file 6: Figure S3c and Additional file 7: Figure S4c, d) . Despite a generally similar response to an altered cytokinin status, the kinetics and amplitudes of changes in steady state transcript levels differ for the four genes.
Together, these data confirm that the transcript abundance of several cytokinin metabolism and signalling genes depends on the cytokinin status [6, 9, 13, 15, 17] indicating regulatory loops between cytokinin metabolism and signalling. The analysis also showed that the reaction patterns are not uniform but complex, with differences in kinetics and organ specificity.
Known and novel genes responding to cytokinin
In the following sections we will analyse separately the sets of genes that show altered expression patterns following either a treatment of seedlings with cytokinin or under conditions of constitutive cytokinin deficiency (Additional file 2: Table S1 and Additional file 3: Table S2 ). The organ-specific regulation of some known cytokinin response genes will be addressed and an arbitrary selection of novel cytokinin-regulated genes, which may have escaped previous discovery due to unspecific sampling, is discussed. We will explore similar and differential changes of steady-state transcript levels in both organs, as well as changes that are restricted to either roots or shoots. This organizing principle is followed, although in part genes belonging to a similar context (e.g. related to auxin or brassinosteroid, meristem regulation, nutrient transport, etc.) were categorized into different groups of organ-specific cytokinin-regulation.
Cytokinin-induced changes of transcript abundance 1,450 of the 8,549 genes (i.e.~17%) that were detected by the arrays were responsive to a short-term or longterm cytokinin treatment (Figure 4 ). Out of these, 670 genes could be assigned unambiguously to one specific category as follows: the majority, i.e. 396 genes, were regulated in both organs with either a similar or differential expression pattern. The former genes (355) were regulated in both organs in the same direction, while the latter genes (41) were regulated in both organs in the opposite direction. 177 genes were regulated by cytokinin in a root-specific fashion, and 97 genes were regulated in a shoot-specific fashion. A large number of genes (780) were regulated significantly by cytokinin under at least one of the experimental conditions, but lacked a significant organ effect. Most of these genes showed a different steady-state transcript level at only one time point (Additional file 2: Table S1 ). They were not further analysed, as the focus of this work was on organ specificity. 7099 genes were classified as nonregulated under our conditions ( Figure 4 and Additional file 2: Table S1f ).
Assignment of organ-specificity to known cytokinin response genes
Firstly, we examined whether we could assign a root-or shoot-specific response to known cytokinin-regulated genes which had been discovered previously by genome-wide microarray analyses [6, 9, 13, 15, 17] . In fact, a large number of these genes were detected by the CATMA array and most, but not all, of them were found to be regulated in both organs (Table 4 and Additional file 9: Table S5 ).
A noteworthy example of a root-specific cytokinin response gene encodes the cytokinin hydroxylase CYP735A2 which responded strongly to cytokinin within minutes. Its transcript level in roots after 120 min of cytokinin treatment was strongly increased, while it was non-responsive in shoot tissue ( Table 4 , Additional file 6: Figure S3a ). Significantly, the basal level of CYP735A2 expression was similar in both roots and shoots (Additional file 6: Figure  S3b , Additional file 7: Figure S4a, b) . This regulation is interesting because the hydroxylase catalyzes the conversion of isopentenyl riboside phosphates to trans-zeatin (tZ) riboside phosphates [54] , which are inactive precursors of tZ-type cytokinins. tZ-type cytokinins are the main cytokinins transported in the xylem from roots to shoots [5, 55] . The exclusive induction of CYP735A2 by cytokinin in roots, which probably results in a locally increased production of tZ-type cytokinins, lends support to tZ-type cytokinins having a distinct role in rootto-shoot communication [55] [56] [57] .
An example of a shoot-specific regulated known cytokinin response gene is CDKA;1, encoding a cyclindependent kinase gene. CDKA;1 is an important cell cycle regulator and is involved in a variety of developmental processes. Because cells expressing more CDKA;1 are more competent for cell division, it is thought to be a prerequisite for post-embryonic cell division [58, 59] . It was shown recently that the CDK activity level in the shoot apical meristem is important for cellular differentiation [60] , a process that is under cytokinin control [30] [31] [32] . CDKA;1 regulation in the shoot by cytokinin could be part of the activities orchestrated by cytokinin in the shoot apical meristem.
The organ-specificity of some other known cytokinin response genes is also described in the following sections.
Genes with a similar response in roots and shoots upon cytokinin treatment
Of the 355 genes displaying a similar cytokinin response in roots and shoots, 133 genes showed an increased transcript level following cytokinin treatment, while the transcript level of 222 genes was reduced (Additional file 2: Table S1 ). 66 genes showed a rapid change of transcript abundance within 15 min and thus belong to the immediate-early response genes. The vast majority of the changes became apparent 120 min or 1080 min after the treatment. Interestingly, the transcript level of many genes that was increased after 120 min remained increased also after 1080 min. As already mentioned above, it should be noted that there are substantial differences in the basal expression levels of numerous of these genes in roots and shoots which could be of functional relevance as well. An example is the CLV1 gene discussed below, which is approx. 4-fold higher expressed in the untreated wild-type shoots compared to the roots (Additional file 6: Figure S3b , Additional file 7: Figure S4a, b ).
Among the upregulated developmental genes, a particularly interesting one encodes the CLAVATA (CLV) formation protein SHEPHERD (SHD, AT4G24190). SHD is a member of the HSP90 protein family and has been suggested to act as a chaperone for the correct folding of nascent CLV1 and/or CLV3-like polypeptides in the endoplasmatic reticulum [61] . Consistently, shd mutant plants are phenotypically reminiscent of clv mutants. The CLV1 and CLV3 proteins are part of the regulatory loop controlling meristem size and activity in concert with WUSCHEL (WUS) [62] . Cytokinin regulates the expression of CLV1 and WUS, thereby controlling meristematic activity [30, 31, 33] . Transcriptional regulation of the SHD gene possibly represents an additional activity of cytokinin in regulating meristematic activity.
Members of the ERF/AP2 family were noticeably frequent among the cytokinin-responsive transcription factor genes. The transcript levels of eight members of the family (AT5G07580, AT1G77640, AT5G61600, AT1G28370, AT3G15210, AT5G51190, AT5G47220, and AT2G44840) were strongly downregulated by the hormone, but none was upregulated ( Table 1 , Additional file 6: Figure S3a , Additional file 7: Figure S4a, b) . This shows that, in addition to the ERF/AP2 subclass of cytokinin-regulated factors (CRF) with its current six members [63] , other members of other subclades of the ERF/AP2 family are also cytokinin-regulated (see also below).
Interestingly, numerous ribosomal genes were identified as cytokinin responsive in this study as well as in previous studies [9, 13, 63] . Several developmental processes react sensitively to mutations in ribosomal genes, including embryogenesis, root growth and leaf development, underpinning the functional relevance of the specific assembly of ribosomal proteins in addition to their fundamental role in translation, possibly because they are required to translate specific proteins [64] [65] [66] . According to the Gene Ontology database of May 2011, the Arabidopsis genome encodes 474 ribosomal proteins [67, 68] and at least 87 transcripts of them responded to cytokinin (Additional file 10: Table S6 ). The cytokininresponsive ribosomal genes encode proteins of both plastidic and cytoplasmic localisation. Noteworthy, most of the transcripts of nuclear genes encoding plastidic ribosomal proteins reflect the organ shift discussed above, i.e. induction in long-term cytokinin-treated roots and downregulation in cytokinin-deficient shoots. Ribosomal genes encoding cytosolic proteins show diverse cytokinin response patterns. The altered composition of ribosomes and the translational changes that this may cause are a largely unexplored part of the cytokinin response.
The flavonol synthase gene FLS1 was strongly upregulated, particularly in the shoot. FLS1 is part of the flavonol biosynthesis pathway [69] and it is likely that its strong upregulation is part of the induction of anthocyanin accumulation by cytokinin [70] . Cytokinin and flavonoids are involved in regulating several developmental processes: both, for example, are positive regulators of nodule organogenesis [71] but have opposite roles in the control of shoot branching [72] [73] [74] . Flavonoids are inhibitors of auxin transport and thus may mediate crosstalk between cytokinin and auxin action. In any case, there are multiple links between cytokinin and flavonoids and effects on the FLS1 transcript level could be part of that. FLS1 was also found among the strongly upregulated genes in cytokinin-deficient plants (see below), illustrating nicely that cytokinin deficiency does not simply induce the opposite changes caused by cytokinin treatment, as already shown by the PCA discussed above.
Five members of the nodulin MtN21 gene family are downregulated by cytokinin: AT2G28120, AT4G08290, AT4G01450, AT4G08300, and AT3G25190 (Additional file 6: Figure S3a , Additional file 7: Figure S4a, b) . The role of nodulin MtN21-like genes is not yet understood, but the presence of seven transmembrane domains and structural homologies with bacterial multidrug exporters might suggest a role in a transport function. It was proposed that the maize nodulin MtN21-like gene is probably involved in the transport of a component related to vascular tissue assembly [75] , which is interesting in view of the role of cytokinin in vascular development [76] .
Several other regulated genes can be associated with known functions of cytokinin, such as crosstalk with other hormones including auxin (e.g. downregulation of IAA7 and IAA13) and gibberellin (downregulation of the gibberellin 2-oxidase gene AT1G02400) or its functions in mineral uptake (e.g. IRT2, ZIP4) (Additional file 2: Table S1 ).
Root-specific changes in gene expression upon cytokinin treatment
Among the 177 genes that were regulated only in roots, the strongest differences in expression level were detected for a gene encoding a member of the legume lectin family protein, its transcript abundance increased >150-fold (Additional file 2: Table S1 ). As has been discussed above, the largest specific group of regulated genes encoded plastid proteins, and a particularly interesting gene showing root-specific regulation was cytokinin hydroxylase gene CYP735A2. A root-specific regulation by cytokinin was assigned to two other cytochrome P450 genes for which cytokinin-regulation has been previously described [14, 15] . One of them, AT2G34490, encodes the C22 sterol desaturase CYP710A2 involved in brassinosteroid metabolism. It catalyzes the final step in the biosynthesis of brassicasterol and stigmasterol [77, 78] . This is interesting as cytokinin and brassinosteroids have been recently shown to act in common pathways in regulating root architecture [79] . The molecular basis for this crosstalk is not known but it is conceivable that regulation of metabolism genes may be part of it. Noticeably, the related gene encoding CYP710A1 and the brassinosteroid biosynthesis gene DIM/DWF are deregulated in cytokinin-deficient plants (see below) indicating that brassinosteroid metabolism is regulated by cytokinin on different levels.
The largest fold-change in transcript abundance between roots of the cytokinin-deficient and long-term cytokinin-treated seedlings was noted for the LBD4 gene, encoding a member of the LOB domain protein family [80] and already noted before in relation to cytokinin [14] . The function of LBD4 is unknown, but members of this plant-specific family of DNA-binding transcription factors are involved in various developmental processes, such as leaf polarity, and floral or inflorescence architecture in different plant species [80] [81] [82] [83] [84] , as well as lateral root formation and the regulation of anthocyanin and nitrogen metabolism [85] .
Again, a number of genes were identified that are relevant for auxin action, e.g. encoding the IAA-amido synthase DFL1 (AT5G54510) and PIN4 (AT2G01420), suggesting that cytokinin-auxin crosstalk is realized in many different ways in a tissue-specific fashion. Similarly, genes encoding proteins involved in mineral uptake are also regulated in a root-specific fashion, including iron transporter gene IRT1 as well as phosphate (PHT2;1, AT3G26570) and sulfate transporter genes (Additional file 2: Table S1 , Additional file 6: Figure S3a , Additional file 7: Figure S4a, b) .
Shoot-specific changes in gene expression upon cytokinin treatment
97 genes were exclusively regulated in the shoot, of which 23 were upregulated (up to 6-fold), and 74 were downregulated, in both cases most consistently after 120 and 1080 min. One of the most prominent genes that was rapidly and strongly downregulated in the shoot is CLV1 ( Table 1 , Additional file 6: Figure S3a , Additional file 7: Figure S4a , b). Its negative regulation by cytokinin has been previously reported [30, 31, 33] , but the shootspecific nature of this was not known. Similarly, cytokinin regulation of CRF3, encoding a member of the subfamily B-5 of the ERF/AP2 transcription factor family (AT5G53290), had been shown before [16] , but not its shoot-specificity (Table 1) . Another member of the ERF/ AP2 transcription factor family (subfamily B-3), ERF5 (AT5G47230), is one of the most strongly downregulated genes in the shoot (Table 1) . ERF5 is an activator of GCC box-dependent transcription and is also regulated by ethylene and abiotic stress [86] .
The gene encoding the digalactosyldiacylglycerol synthase 1 (DGD1, AT3G11670) was upregulated almost 6-fold by cytokinin treatment. DGD1 catalyzes the synthesis of the galactolipid digalactosyldiacylglycerol (DGDG), requiring monogalactosyldiacylglycerol (MGDG) as a substrate, which is synthesized by mongalactosyldiacylglycerol synthase (MGD) [87, 88] . Both galactolipids constitute the predominant and functionally relevant component of thylakoid membranes [89] . Previously, it was shown that the accumulation of MGDG in cucumber seedlings required cytokinin in addition to light, and that both factors play a co-operative role [90] . The response of DGD1 shown here indicates that the cytokinin regulation also comprises this step of galactolipid synthesis, adding another example of the influence of the hormone on chloroplast function.
The serin/threonine protein kinase gene PINOID (PID) [91] , encoding a regulator of the auxin response, is downregulated approximately 3-fold. PID phosphorylates the auxin efflux carrier proteins PIN, thereby changing their apical-basal polar localization and thus increasing basipetal polar auxin transport [92] [93] [94] [95] [96] . Although it is not known whether transcriptional regulation of PID plays a role in regulating its kinase activity, it is possible that the downregulation of PID by cytokinin causes an increase in basipetal auxin transport. In any case, in whatever functional context, regulation of PID by cytokinin could be a mechanism in addition to the known regulation of PIN genes [29, 97, 98] that contributes to the manifold regulatory influences of cytokinin on auxin function.
Genes with differential expression patterns in root and shoot upon cytokinin treatment 41 genes were upregulated in shoots and downregulated in roots or vice versa. The existence of such a differential organ-specific response pattern could be, for example, achieved by transcription factors that act depending on the cellular or developmental context either as activator or repressor [99] . However, given the low number of genes in this class and the frequently transient nature of their differential regulation, this does not seem to be a general feature of differential cytokinin activity in roots and shoots. Two genes encoding cytochrome P450 enzymes belong in this class and show altered transcript levels at several time points (Additional file 2: Table S1 ). One of these genes encodes CYP83A1, also called REF2 (AT4G13770), catalyzing the initial conversion of aldoximes to thiohydroximates in the synthesis of glucosinolates not derived from tryptophan. It has also a role in auxin homeostasis [100] [101] [102] . F5H2 (AT5G04330) encoding a ferulate 5-hydroxylase involved in lignification [103] is regulated in the opposite way, namely up in the root and down in the shoot. The functional significance of this type of regulation is not known.
Genes differentially expressed under conditions of constitutive cytokinin deficiency
In cytokinin-deficient tissues of 35S:CKX1 plants, 7,557 genes were detected, of which 1,473 (~20%) showed an altered transcript abundance compared to the wild type. 718 of these genes could be assigned to one specific category. The major effect of cytokinin deficiency was manifested in the shoot, where 639 genes were differently expressed. 363 of these genes were exclusively affected in this organ and 277 were affected in the root as well. A smaller number of 79 genes were regulated only in the root and 2 genes were identified showing differential regulation in root and shoot (Additional file 3: Table S2 , Figure 4 ). One outcome of the analysis was the relatively small overlap of genes affected by cytokinin-deficiency or cytokinin-treatment as described above. There are examples of opposite gene regulation in both conditions, e.g. the A-type ARR genes, which are upregulated by cytokinin and downregulated under cytokinin deficiency. Conversely, there are several cases of a change of transcript level in the same direction under both conditions (e.g. FLS1, several AP2/ERF transcription factor genes) illustrating that opposite hormonal conditions may have a similar effect on transcript abundance. The relative shift of the shoot expression pattern towards a more root-like pattern, especially concerning genes encoding plastid proteins, was particularly noteworthy in the light of the effects of long-term cytokinin treatment on the roots described above. In addition, the data show that roots and shoots clearly react with different trancriptomic changes to cytokinin deficiency. Exceptions are general indicators of the cytokinin status, such as the A-type ARR genes, which are lowered in both organs (Figure 3 ). The alteration of the transcript level of several regulated genes may contribute to the establishment of the cytokinin deficiency syndrome.
Genes with similar reaction in root and shoot under constitutive cytokinin deficiency 275 genes showed a similar response in roots and shoots: 113 thereof were upregulated and 162 were downregulated (Additional file 3: Table S2 ). There are several regulated genes that provide insight into the biological functions of cytokinin, such as the strong downregulation of nitrate reductase genes NR1 and NR2 reflecting the functional link between cytokinin and nitrogen usage [104] .
A very strongly altered expression level was shown by the sodium transporter gene HKT1, which was upregulated 24-fold in roots and 16-fold in shoots (Additional file 3: Table S2 , Additional file 6: Figure S3c , Additional file 7: Figure S4c, d) . The main function of HKT1 is the control of Na + entry into plant roots and the root/shoot distribution of Na + [105, 106] . Thus, HKT1 has an important role in mediating salt tolerance, as has been shown in ecotypes as well as by forward genetics, and it has been utilized to generate salt-tolerance using a transgenic approach [107] [108] [109] [110] . The regulation found here is consistent with the previous finding that HKT1;1 is repressed by cytokinin treatment but showed significantly elevated expression in the B-type response regulator double mutant arr1 arr12 [111] . These data suggested that cytokinin, acting through the transcription factors ARR1 and ARR12, regulates sodium accumulation in the shoots by controlling the expression of HKT1 in the roots. Cytokinin receptors AHK2 and AHK3 were consistently identified as negative regulators of the osmotic stress response and receptor mutants as well as mutants with a reduced cytokinin content were found to be salt resistant [112, 113] . Another cytokinin-regulated transporter gene was ZIP1 (AT3G12750), which encodes a Zn 2+ transporter and was upregulated 3.2-and 4.4-fold in shoots and roots, respectively [114] . Its upregulation by cytokinin deficiency is in accord with the finding that cytokinindeficient plants accumulate higher amounts of Zn 2+ in their shoot tissue [26] .
Among the transcription factor genes, four ERF/AP2 transcription factor genes (AT1G28370, AT3G16770, AT5G05410, and AT3G15210) are downregulated to about one third of their expression level (Additional file 6: Figure S3c , Additional file 7: Figure S4c, d) . Interestingly, three of them are identical to the cytokininregulated AP2/ERFs mentioned above (see Table 1 ), indicating again that increase and decrease of the cytokinin status may have similar consequences.
MYB12 is another strongly regulated transcription factor gene. MYB12 belongs to subgroup 7 of the R2R3-MYB family and is a flavonol-specific activator of flavonoid biosynthesis [115] . Together with its two other subgroup members, MYB11 and MYB111, it strongly activates the promoters of genes encoding chalcone synthase (CHS), flavanone 3-hydroxylase (F3H), flavonol synthase (FLS1), andto a lesser extentchalcone flavanone isomerase (CHI), which are all involved in the formation of flavonols [116] . The upregulation of MYB12 consistently resulted in an enhanced transcript level of CHS (AT5G13930) and FLS1 (Additional file 3: Table S2 ). We hypothesize that cytokinin-deficient plants contain higher levels of flavonols and/or flavonoids, which have a variety of functions in plant stress defence. Interestingly, auxin and ethylene induce flavonol accumulation through partly identical transcriptional networks [117] .
Two well known auxin-related genes, PIN2 and AXR1, were upregulated under cytokinin-deficiency. PIN2 belongs to those genes which show a much higher shoot expression in response to cytokinin deficiency (55-fold increase compared to wild-type shoots) while it is normally predominantly expressed in roots ( Table 2 and Additional file 3: Table S2 , Additional file 6: Figure S3c , d, Additional file 7: Figure S4 , Additional file 6: Figure S3, d) . PIN2 encodes a member of the auxin efflux carrier proteins [118] [119] [120] [121] . Its regulation by cytokinin has been reported in the context of root meristem size regulation [97, 122] , but it might also be involved in co-ordinating the activities of cytokinin and auxin in regulating root gravitropism [123] . AXR1, which was upregulated about 5-fold in both organs, encodes part of a dimeric E1 ubiquitin-activating enzyme of the ubiquitin-proteasome protein degradation pathway [124] [125] [126] [127] mainly involved in regulating the auxin response, but also other signalling pathways dependent on ubiquitin-dependent protein degradation [128] [129] [130] [131] [132] [133] . The upregulation of AXR1 may enhance the potential for neddylation of proteins to be targeted for degradation by the proteasome. The Aux/IAA proteins, transcriptional repressors of auxin-inducible genes, are primary targets of this pathway. Higher expression of AXR1 under cytokinin-deficiency suggests an enhanced auxin signalling in cytokinin-deficient plants. The identification of AXR1 as a regulatory target of cytokinin adds another potential regulatory level to cytokininauxin interaction, which, because of the involvement of AXR1 in auxin signalling in many tissues, might be of general relevance for the whole plant.
Root-specifically altered transcript levels under constitutive cytokinin deficiency
The transcript level of 79 genes was changed in a rootspecific fashion: 35 genes were upregulated and 44 genes were downregulated (Additional file 3: Table S2 ). The strongest upregulation in roots showed a gene for an amino acid transporter family protein (AT5G65990) which was increased 18-fold ( Table 2 , Additional file 6: Figure S3a , b, Additional file 7: Figure S4a, b) .
The transcript of the CLV3-related gene CLE1 (AT1G73165) was upregulated 5.7-fold under cytokinin deficiency, however, the p-value (0.049) was slightly above our threshold (0.03). There is not much known about the actual function of CLE1. However, CLE1 complemented the clv3 mutant well and also requires CLV1 for signalling, and thus it may be considered a functional homologue [134] . The role of CLV3 and related CLE peptides in the shoot apical meristem has been investigated in great detail [135] . However, they are equally important in root meristem maintenance. Overexpression, as well as the exogenous application of several CLE peptidesincluding CLV3to roots, results in the consumption of root meristematic cells [136] [137] [138] [139] [140] and both CLV3 and CLE40, its functional orthologue in roots, promote differentiation in the distal root meristem. CLE40 forms a ligand-receptor pair with ACR4 to regulate WOX5 expression, resulting in a similar regulatory loop for the balance between proliferation and differentiation as the CLV/WUS system in the shoot meristem [141] . It could be that the root-specific upregulation of CLE1 under cytokinin deficiency is functionally relevant for the altered differentiation behaviour of cytokinindeficient roots [24, 26] .
Shoot-specifically altered transcript levels under constitutive cytokinin deficiency 363 genes were deregulated in a shoot-specific fashion in 35S:CKX1 transgenic seedlings, which is a more complex response compared to roots. 189 of the genes were upregulated and many showed very strong changes (~80-fold) of their expression level and a strong shift towards root-like expression (Additional file 3: Table S2) which has caused the shift of the cytokinin-deficient root sample towards a more root-like position in the PCA analysis discussed above. Interestingly, the three most strongly downregulated genes and two more genes with strongly reduced transcript levels encode AP2/ERF transcription factors (Additional file 3: Table S2 , Additional file 6: Figure S3c , Additional file 7: Figure S4c, d) , four of which are identical to those downregulated by cytokinin treatment (AT5G51190, AT5G61600, AT2G44840, and AT5G47220) mentioned above.
Several components of the light signalling network, in particular linked to phytochrome A, were found to be deregulated in cytokinin-deficient shoots. SPA1 and COP1 belong to the upregulated genes, while the phyA transcript itself is downregulated to one third of its level in wild-type plants (Additional file 3: Tables S2b and e ). PhyA is involved in two light responses: the very-lowfluence response (VLFR) and the far-red-light-dependent high-irradiance response (HIR), the former promoting seed germination with very low quantities of red or farred light and the latter promoting photomorphogenesis [142] . SPA1 (an atypical bHLH transcription factor) and COP1 (an E3 ubiquitin ligase) are negative regulators of partial aspects of both VLFR and HIR. COP1 and SPA1 are able to form a complex which targets PhyA for proteolytic degradation, thereby promoting photomorphogenesis [143] . The upregulation of the COP1 and SPA1 transcripts by cytokinin may contribute to the rapid degradation of PhyA in its P fr form and the transcriptional downregulation of PhyA by cytokinin is likely to attenuate PhyA accumulation. Together, the gene regulation is consistent with altered light responses of cytokinin-deficient plants [27] and the known links between cytokinin and light responses [1, 2] .
Finally, the transcript of the DIM/DWF1 gene encoding an enzyme involved in brassinosteroid biosynthesis [144] was downregulated to one third of its wild-type level in cytokinin-deficient shoots. dim/ dwf1 mutants are brassinosteroid-deficient and show the typical dwarfed phenotype. It would be interesting to study in what way an altered brassinosteroid level is causally involved in establishing the cytokinin deficiency syndrome of which reduced shoot growth is a hallmark [24] . In any case, together with the regulation of CYP710A and CYP710B genes mentioned above our results suggest an influence of cytokinin on brassinosteroid biosynthesis. Reciprocal influences of the two hormones on the expression of their metabolism genes have been observed before; however, the regulation of brassinosteroid metabolism genes by cytokinin was described as being ambiguous and not allowing a clear prediction whether this results in an enhanced or decreased brassinosteroid level [145] .
Conclusions
This study reports hitherto unknown differences of transcriptomic changes in root and shoot tissues in response to cytokinin treatment or cytokinin deficiency. One interesting result was the shift of long-term treated wildtype root samples to a more "shoot-like" profile and the opposite shift of cytokinin-deficient shoot samples towards "root-like" expression, both primarily affecting nuclear genes encoding plastid proteins. It would be interesting to analyze whether the whole transcriptome reacts in a rheostat-like fashion to a change in cytokinin status. There are some noteworthy examples of tissuespecific cytokinin responses, the most prominent probably being the cytokinin hydroxylase gene CYP735A2, which is strongly upregulated in root tissue but lacks a response in shoot tissue. This implies that strong negative regulators suppress the cytokinin response of CYP735A2 in shoot tissue. Numerous novel cytokinin response genes were discovered which were missed previously because of unspecific sampling and it can be anticipated that studies with an even higher spatial resolution will continue to discover novel cytokininregulated genes in their functional context [146] . Several novel regulatory influences of cytokinin on metabolism and signalling genes of other hormonal regulators of plant development such as auxin and brassinosteroids were found. Similarly, novel connections between cytokinin and environmental cues operating through transcriptional changes were unravelled supporting the notion that the hormone is involved in regulating a vast array of plant functions [2] . Together these findings generate new hypotheses that need to be tested experimentally in order to fit them into the emerging picture of regulatory transcriptional networks [145, 147] .
Methods

Growth, treatment and harvest of Arabidopsis thaliana
Arabidopsis thaliana Col-0 seeds and seeds of ectopic overexpressors of the cytokinin oxidase/dehydrogenase gene CKX1 [24] were surface-sterilized with chlorine gas [148] . Seedlings were grown before treatment for five days in liquid medium (half-strength MS medium, 1 g L -1 sucrose, 0.5 g L -1 MES, pH 5.7) under a 16 h light/8 h dark regime at 22°C. The whole seedlings were then treated with either 5 μM 6-benzyladenine (BA) for 15, 120 or 1080 min, or for 120 min in a solvent control, which were both added to the medium. To minimize circadian effects on gene expression, the treatment was timed in such a way that the harvest could be carried out for all samples between 6 h and 8 h after the onset of light. To achieve this, both the induction and the harvesting process for each sample covered the whole period of 2 h. At the end of the incubation period, roots and shoots were harvested separately by taking each seedling individually with a soft forceps at the hypocotyl, breaking off the roots of shock-frozen seedlings at the inner wall of a tube swimming in liquid nitrogen and collecting the remaining shoot in another tube. In this way, the breaking point was always very close to the roothypocotyl junction and very pure root and shoot samples were obtained. The roots and shoots of at least 2,400 seedlings were pooled for one sample. Two samples were collected per condition.
RNA extraction, preparation of fluorescently labelled probes, hybridisation of microarrays and generation of raw data was performed as described previously [7] . Each sample was hybridized onto two microarrays, resulting in four microarrays per condition. The CATMA V2.3 microarray [149] of the Microarray Facility of the University Hospital Leuven (MAF, Leuven, Belgium, ArrayExpress accession no. A-MEXP-120) was used for this study. We followed the hybridization strategy used in the European Compendium of Arabidopsis Gene Expression project (http://www.cagecompendium.org), employing a Cy3-labeled mixture of oligonucleotides complementary to the secondary primers for probe amplification as a common reference sample and Cy5 labeling for the biological samples. This allowed for determination of the steady-state mRNA levels as opposed to the ratios usually obtained by two-color microarrays. The raw data are accessible at ArrayExpress (http://www.ebi.ac.uk/arrayexpress/) under the accession E-CAGE-111.
Bioinformatical procedures
The raw data were normalized and pre-processed using the pre-processing pipeline developed with Bioconductor [150] in R [151] during the course of the CAGE project [152, 153] . After pre-processing, linear models were fitted for each gene [154, 155] . Linear modelling was performed using two factors: (1) organ with the levels "root" and "shoot", and (2) cytokinin with the levels "CKX1", "BA0", "BA15", "BA120", and "BA1080". From the individual p-values calculated in linear modelling, FDRcorrected p-values ("q-values") were calculated [156] . Genes which were above background on less than four arrays were called "not expressed" and excluded from the analysis. Genes with less than ten spots above background exhibited a very high percentage of false positives, so only genes with at least ten spots above background were chosen for further analysis. The resulting dataset of (log) expressions, (log) ratios, p-values, q-values, and spots above background (AbB) was used to generate all further data derived.
Interaction plots were generated in R and reformatted with standard image editing software (CorelDraw).
Colour-coded expression maps (Figure 2a ) were generated using Mapman [157, 158] . Tables with logratios for the conditions compared were generated in R for this purpose and exported as tab-delimited text files in a Mapman-compatible format. Genes which were detected on less than two microarrays in the respective more highly expressed condition were flagged as not detected. The Mapman-generated images were exported and the colour-coded boxes were aligned using standard image editing software. Genes were categorized according to their expression patterns by an algorithm shown in Additional file 1: Figure S1a . Two sorting algorithms adapted to the datasets of the cytokinin-induced and the cytokinin-deficient plants, respectively, were implemented in R. This was done by splitting the dataset up into the subsets "root-specific", "shoot-specific", "differential", "similar", "uncategorized", and "not regulated" using an algorithm outlined in Additional file 1: Figure S1 .
Principal Component Analysis (PCA) based on the steady-state mRNA levels was carried out using the implementation in TIGR MEV 4 [159] with the standard settings using a restricted dataset of 911 genes with ≥ 10 spots above background and an FDR-corrected p-value of ≤ 0.0001. The graphic output was re-formatted using standard image editing software.
GO term enrichment was performed using the Gene Ontology website http://amigo.geneontology.org/ cgi-bin/amigo/term_enrichment [160] . The graphic result was downloaded from the website and adapted to printing format. Normalization of the dataset for the organ effect was carried out using the following formula on the log-transformed expression values for the five shoot samples of each gene: norm shoot;condition ¼ raw shoot;sondition þ raw root À raw shoot ð Þ norm root;condition ¼ raw root;condition norm, normalized value; raw, native value; raw , average of the native values. Real-time PCR runs were performed in a 7500 Fast system (Applied Biosystems), controlled and evaluated by the 7500 Software V2.0.1 RC. In order to exclude primers binding to unspecific sequences, they were designed using GENOPLANTE™S.P.A.D.S (http://www. psb.ugent.be/SPADS/) [161] or NCBI Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) [162] . The primer sequences are listed in Additional file 11: Table S7 .
Real-time quantitative PCR analysis
Additional files
Additional file 1: Figure S1 . Flow chart representing the algorithm to categorize genes detected in this microarray study. Schematic representation of the algorithm used for gene categorization. Only genes, which were detected on at least 25% of the microarrays were fed into the algorithm.
Additional file 2: Table S1 . Gene lists from cytokinin-treated samples. Lists of all genes detected on at least 25% of the microarrays (i.e. 8 arrays) containing expression data of wild-type samples sorted into the different categories as described in Methods and Additional file 1: Figure S1 . The spreadsheet is divided into sections a-f containing genes which are root-specifically (a), shoot-specifically (b), differentially (c), or similarly (d) regulated by cytokinin. Section e contains cytokinin-regulated genes which are not unambiguously classifiable into one of the other categories. Section f contains genes not regulated by cytokinin. CATMA ID, unique identifier of the probe on the CATMA microarray; FDR p-value, p-value corrected for multiple testing; AGI, unique gene identifier assigned to Arabidopsis thaliana genes by TAIR. BA0, mock treatment; BA15, 15 min cytokinin treatment; BA120, 2 h cytokinin treatment; BA1080, 18 h cytokinin treatment. The sorting criteria were (a) the sum of all ratios in the root; (b) the sum of all ratios in the shoot; (c) the sum of the absolute value of the log2 of all ratios in root and shoot; (d) the sum of all ratios in root and shoot; (e) the same as for (c); (f) CATMA ID.
Additional file 3: Table S2 . Gene lists from cytokinin-deficient samples. Lists of all genes detected on at least 25% of the microarrays (i.e. 4 arrays) containing expression data of mock-treated wild-type samples (BA0) and samples of cytokinin-deficient plants (CKX1), sorted into the different categories as described in Methods and Additional file 1: Figure S1 . The spreadsheet is divided into sections a-f containing genes which are root-specifically (a), shoot-specifically (b), differentially (c), or similarly (d) regulated. Section e contains cytokinin-regulated genes which are not unambiguously classifiable into one of the other categories. Section f contains genes not found regulated by cytokinin. CATMA ID, unique identifier of the probe on the CATMA microarray; FDR p-value, p-value corrected for multiple testing; AGI, unique gene identifier assigned to Arabidopsis thaliana genes by TAIR. The sorting criteria were (a) the ratio CKX1 vs. Col-0 root; (b) the ratio CKX1 vs. Col-0 shoot; (c) the sum of the absolute value of the log2 of both ratios; (d) the sum of both CKX1 vs. Col-0 ratios; (e) the same as for (c); (f) CATMA ID.
Additional file 4: Table S3 . Genes expressed in a more shoot-like fashion in cytokinin-treated roots. (a) List of genes, which are higher expressed in the shoot than in the root and upregulated by 18 h of cytokinin treatment in the root. (b) List of genes, which are lower expressed in the shoot than in the root and downregulated by 18 h of cytokinin treatment in the root. FDR-corrected p-values ≤ 0.03 marked in blue indicate whether a gene is significantly regulated by cytokinin (cytokinin effect), significantly differently expressed roots and shoots (organ effect), or whether its regulation by cytokinin differs significantly between roots and shoots (organ effect). The threshold set for differential expression is 2.5-fold. Additional file 5: Figure S2 . GO term enrichment for genes indicative of a developmental shift. (a) GO term enrichment of genes which are more shoot-like expressed in cytokinin-induced roots. The figure shows that the only overrepresented class of genes encodes proteins located in the chloroplast. The dataset of Additional file 4: Table 3a was used to generate this figure. Darker boxes indicate a higher significance of overrepresentation of the GO term indicated. (b) GO term enrichment of genes which are more root-like expressed in cytokinin-deficient shoots. The figure shows that the only overrepresented class of genes encodes proteins located in the chloroplast. The dataset of Additional file 4: Table 3b was used to generate this figure using the AmiGO tool (see Methods).
Additional file 6: Figure S3 . Expression of selected organ-specific cytokinin-regulated genes mentioned in the text as revealed by microarray analysis and real-time quantitative RT-PCR. (a) Differentially expressed genes after cytokinin induction. (b) Expression ratios of untreated shoots and roots of the genes shown in (a). (c) Differentially expressed genes under cytokinin deficiency. (d) Expression ratios in wild-type shoots and roots of the genes shown in (c). Cytokinin regulation of selected genes with different organ specificity of the response was tested by microarrays (indicated by diamonds) and qRT-PCR (indicated by bars) using independent biological material. BD, below detection limit of microarray; bd, below detection limit of qRT-PCR.
Additional file 7: Figure S4 . Expression levels of selected organ-specific cytokinin-regulated genes mentioned in the text as revealed by microarray analysis and real-time quantitative RT-PCR. (a, b) Expression levels of differentially expressed genes after cytokinin treatment. (c, d) Expression levels of differentially expressed genes under cytokinin-deficiency. The expression levels of selected genes with different organ specificity of the response were tested under the conditions indicated in the legend by microarray analysis (a, c) and qRT-PCR (b, d) using independent biological material. Open diamonds indicate that less than two of the four spots on the microarray were significantly above background. nd, not detected.
Additional file 8: Table S4 . Genes expressed in a more root-like fashion in cytokinin-deficient shoots. (a) List of genes, which are higher expressed in the root than in the shoot and upregulated by chronic cytokinin deficiency in the shoot. (b) List of genes, which are lower expressed in the root than in the shoot and downregulated by chronic cytokinin deficiency in the shoot. FDR-corrected p-values ≤ 0.03 marked in blue indicate whether a gene is significantly regulated by cytokinin (cytokinin effect), significantly differently expressed roots and shoots (organ effect), or whether its regulation by cytokinin differs significantly between roots and shoots (organ effect). The threshold set for differential expression is 2.5-fold.
Additional file 9: Table S5 . Root-and shoot-specific changes of transcript abundance of known cytokinin-regulated genes of Arabidopsis thaliana. A selection of previously published cytokinin-responsive genes from various publications were analyzed for their transcriptional regulation in response to cytokinin induction and cytokinin deficiency in root and shoot samples. Expression ratios are colour-coded as described for Table 1 . Significance codes indicate p-values calculated as described in Methods: 0.1 > • > 0.05 > * 0.01 > ** 0.001 > ***. Genes that were published in at least two previous publications are listed here. In addition, selected examples of known regulated genes that were only published once were added. A short list of genes can be found in [6] . AGI, unique gene identifier assigned to Arabidopsis thaliana genes by TAIR.
Additional file 10: Table S6 . Cytokinin-responsive genes encoding ribosomal proteins. The table shows all cytokinin-regulated genes encoding ribosomal protein according to the GO localization database. Columns and colour-codes are the same as for Table 2 . The additional column localization shows whether the protein is part of a plastid or cytosolic ribosome, according to the GO database (http://www.arabidopsis.org/tools/bulk/go/index.jsp).
Additional file 11: Table S7 . Primer sequences used for qRT-PCR. The primer sequences were selected using GENOPLANTE™S.P.A.D.S. (http:// www.psb.ugent.be/SPADS/, grey background) or NCBI Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/).
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